Abstract-Large-signal dynamic models for hysteretic currentprogrammed buck, boost, and buck-boost converters are proposed. The model is expressed by a single differential equation. The small-signal transfer functions of these three converters are also derived, based on the large-signal model. The analysis shows that under the hysteretic current-programmed control, the output voltage of the buck converter is independent of the supply voltage, and there is a right-half plane (RHP) zero in the control-tooutput transfer function of boost and buck-boost converters. An experimental prototype is breadboarded to verify the analysis.
C improvement over conventional direct duty ratio control and is becoming more widely used in industrial applications.
In current-programmed control, the control signal to the switching converter tries to control the inductor current directly. The duty ratio of the switch is controlled only indirectly. Among the various types of current-programmed control, the hysteretic current-programmed control [ 11, [2] offers the tightest control of the inductor current and the fastest possible response of the inductor current.
In the hysteretic current-programmed control [ 11, as shown in Fig. 1 , the switch is turned off when the inductor current rises to its peak value determined by iCp = i, + A I / 2 , where i, is the control signal and A I is the desired inductor current ripple. When the inductor current falls to its minimum, i,. = i, -A I / 2 , the switch is turned on. Another description of the hysteretic current-programmed control is that when the inductor current rises to the control signal, i,, the switch is turned off, and when the inductor current falls to i, .-A I , the switch is turned on again. These two descriptions are actually the same. The authors of the paper prefer the first description because it would lead to simpler expressions in the dynamic analysis.
In the hysteretic current-programmed control, the inductor current i~ is tightly controlled by the control signal i,. Another advantage is that there is no subharmonic oscillation in the hysteretic current-programmed control. The switching power supply system under hysteretic currentprogrammed control, however, is a nonlinear dynamic system. Such a system may be stable in the vicinity of the operating point but may not be stable when the system undergoes a large perturbation. Therefore, the small-signal model cannot provide the stability information when the system is subject to a large-signal disturbance or a large parameter variation. An example of this circumstance is illustrated in [9] . Therefore, a large-signal model is essential to study the global dynamic characteristics of the switching converter under hysteretic current-programmed control and to design robust and highperformance switching power supply. Unfortunately, the largesignal characteristics of the hysteretic current-programmed control has never been investigated.
The objective of this paper is 1) to establish the large-signal model of the hysteretic current-programmed buck, boost, and buck-boost converters so that the large-signal characteristics can be analyzed, and 2) to derive the small-signal transfer function based on the proposed large-signal model. The paper is organized as follows: In the next section, a technique to establish the large-signal dynamic model for the hysteretic current-programmed boost converter is proposed, and the large-signal characteristics are analyzed. In Section 111, the small-signal transfer function is derived from the large-signal 0885-8993/96$05.00 0 1996 IEEE q t )
model. The result shows that there is a right-half plane (RHP) zero in the control-to-output transfer function for the boost converter. The RHP zero is the same as that in the direct duty ratio control. The same technique is also used to derive the large-signal model for the hysteretic current-programmed buck and buck-boost converters in Section IV. The smallsignal transfer functions are also derived in that section. In Section V, an experimental hysteretic current-programmed boost converter is breadboarded to verify the large-signal and
small-signal models proposed in the paper. Section VI is the I --I n + In other words, they v a q substantially more slowly than one-half of the switching frequency. These two assumptions are generally satisfied in welldesigned high-frequency switching converters operating in continuous conduction mode.
For the boost converter shown in Fig. 2(a) , the switch Q is on for time period ton and off for period t o f f .
The equivalent circuits for these two intervals are given in Fig. 2 
The above state-space equations are valid for both constant switching frequency and variable switching frequency because no constraint is applied to ton + t o f f in the above derivation.
In the hysteretic current-programmed control, when the inductor current reaches i, + A I / 2 , the switch is turned off, and the inductor current falls. When the inductor current falls to i, -A I / 2 , the switch is turned on again. Therefore, the average value of the inductor current i~ is controlled tightly by the command signal i,. It can be assumed that the average inductor current equals to the command signal, i.e.,
In the hysteretic current-programmed control, the duty ratio is no longer the control input and can be expressed by other circuit variables from (5b) as 
Substituting (6) and (7) into ( 5 4 and making some re-
arrangement, the following equation is derived One way to obtain the large-signal Characteristics of the hysteretic current-programmed boost converter is to integrate (8) directly, using Runge-Kuta algorithm [4] . Another way is to enter the large-signal model of Fig. 3 into a control system analysis software, such as Tutsim [SI, to obtain the large-signal response of the system. The model, expressed by (8) or Fig. 3 , shows that the boost converter under the hysteretic current-programmed control becomes a first-order system. This is understandable because the averaged inductor current follows the control signal so tightly that it is no longer a state variable. This fact is also beneficial because it is always easier to keep a first-order system stable.
Another phenomenon that can be observed from (8) is that the output voltage will be affected not only by the control signal i,, but also by its change rate, di,/dt. The effect of the change rate is such that it will always oppose the effect of the control signal i,. For example, when the control signal has a step increase from i,l to ic2, the steady-state output voltage will increase from V,l to V,2. But during the rising period of i,, the right side of (8) This prediction can be explained qualitatively from the operation of the hysteretic current-programmed boost converter. When the control signal increases suddenly, the average inductor current has also to increase immediately. Therefore, the active switch has to conduct for a longer time so that the inductor current can build up, and the filter capacitor has also to discharge for longer time. The consequence is that the output voltage will at first dip a little bit until the inductor current is increased and recharges the output capacitor at a higher current level. In the small-signal domain, this dip implies that there is a right-half-plane zero in the control-to-output transfer function, as will be shown in the next section.
When the supply voltage has a step change from v,1 = 10 V to vs2 = 15 V, the response of the output voltage is plotted in Fig. 5 for C = 760 pF, R = 10 0, and I, = 5 A. Firstorder response is clearly observed. Since the inductor current is controlled tightly, the output voltage will increase when U, increases. In this section, the large-signal model of the boost converter under hysteretic current-programmed control is proposed. It shows that the boost converter under hysteretic current-programmed control becomes a first-order system. The output voltage is affected by both the control signal and its change rate. The small-signal transfer function can be obtained from the large-signal model under small-signal assumption, which is the subject of the next section. The same technique can also be used to derive the large-signal model of the hysteretic current-programmed buck and buck-boost converters, as will be discussed in Section IV.
SMALL-SIGNAL MODEL FOR BOOST CONVERTER UNDER HYSTERETIC CURRENT-PROGRAMMED CONTROL

9,
The small-signal transfer function of the hysteretic current-1 r t j s n c programmed boost converter can be derived from the largesignal model, (8), proposed in the previous section. Here it cc is assumed that the uppercase letter denotes the steady-state value, the lowercase letter denotes the averaged value, and the lowercase letter with a hat, *, above it denotes the small-signal disturbance, i.e., z = X + 5, with 2 << X . Substituting (8) and neglecting terms containing the product of the small-signal disturbance, also noticing that the derivative of the steady-state value is zero, the following equation is obtained
In the previous section and this section, the large-signal d8,
2V, di
and small-signal models of the hysteretic current-programmed (lo) boost converter are proposed. Its dynamic characteristics can d t R d t be analyzed according to the models. The same technique can The steady-state relation of the hysteretic current-programmed also be used to derive the large-signal model of the hysteretic boost converter is current-programmed buck and buck-boost converters. V,I, = 5 2 R Taking the Laplace transformation of (10) and also noticing the relation of (1 l), the small-signal transfer function of the hysteretic current-programmed boost converter can be derived as
+ l s R C 2 where D' is defined as D' = V,/V,.
It is shown clearly that there is a right-half-plane zero in the control-to-output transfer function. The location of the zero is the same as that of the duty ratio control [3] and the peak current control [6] , [7] . The reason for this phenomenon is the contradiction between the increasing of the inductor current and the increasing of the output voltage simultaneously in the boost converter. No matter what kind of control law is employed, the active switch has to conduct a longer time to increase the average inductor current, and the filter capacitor has to discharge for a longer time and the output voltage will dip during this period. Therefore, the right-half-plane zero of the boost converter is always present for various kinds of control law, and it cannot be shifted to the left-half side of the s-plane.
The block diagram of the small-signal model is givein in Fig. 6 . This model can be used to design the feedbaclk compensator to obtain a wideband and stable closed-loop system.
It is noted that in the above derivation, the sample-and-hold effect that introduces a time delay e-tons is not considered Therefore, the above model is accurate in the low-frequenc,y range, i.e., the changing of the control signal, supply voltage, is much slower as compared with the switching period. Extra phase delay will be introduced at high frequency.
Iv. DYNAMIC MODELS FOR BUCK AND BUCK-BOOST CONVERTERS
In this section, the large-signal models of the hysteretic current-programmed buck and buck-boost converters are established using the same technique as above. The smallsignal transfer functions are also derived from the large-signal models.
A. Buck Converter
The topology of the buck converter is given in Fig. 7 . The averaged state space equation can be derived as
where a is the duty ratio defined by (4) .
In the hysteretic current-programmed buck converter, the average inductor current follows the control signal tightly, (6) . Substituting (6) into (13b), the large-signal model for the buck converter under the hysteretic current-programmed control can be expressed as
Equation (14) shows that under the hysteretic currentprogrammed control, the buck converter becomes a first-order linear system, and the output voltage is independent of the supply voltage. These are very good features. This observation can be explained as follows. In the buck converter, the inductor is connected directly to the output. The hysteretic currentprogrammed control changes the inductor into a current source that drives directly the output capacitor and the load resistor, as shown in Fig. 8 . As long as the averaged inductor current i~] i.e., the control current i,, does not change, the averaged output voltage will be independent of the supply voltage.
The small-signal transfer function can be derived directly from (14) as
B. Buck-Boost Converter
The topology of the buck-boost converter is given in Fig. 9 . The averaged state-space differential equation can be derived as
where a denotes the duty ratio. In the hysteretic currentprogrammed buck-boost converter, the averaged inductor current equals the control signal, as described by (6) , and the duty ratio a is not an independent variable but can be expressed from (16b) by other circuit variables as
Substituting (1 7), (6) into (16a), the large-signal dynamic equation for the buck-boost converter under hysteretic currentprogrammed control can be derived as
The dynamic response of the output voltage under largesignal variation of the operating point can be obtained by integrating (18). Similar to the boost converter under hysteretic current-programmed control, the dynamic output voltage of buck-boost converter is also affected by both the control signal, i,, and by its change rate, di,/dt. The effect of di,/dt will always try to oppose the effect of i,. This phenomenon implies a right-half-plane zero in the control-to-output transfer function.
The small-signal transfer function of the buck-boost converter under the hysteretic current-programmed control can be derived by small-signal perturbation, i.e., (9) . Substituting (9) into (18) and neglecting the terms containing the product of small-signal disturbance, the small-signal dynamic equation is obtained as
The steady state relation is Take the Laplace transformation of (19) and notice the steadystate relation of (20), the small-signal transfer function of the hysteretic current-programmed buck-boost converter is obtained
where D is the steady-state duty ratio and
It is noted from (21) that there is a right-half-plane zero in the control-to-output transfer function. The frequency of this zero is the same as that of the duty ratio control [3] and the peak current control [6] . This zero is induced by the physical contradiction of increasing the average inductor current and average output voltage simultaneously in the buckboost converter.
The large-signal and small-signal models of the hysteretic current-programmed buck, boost, and buck-boost converters are proposed. Because the averaged inductor current is controlled tightly, the state variable associated with the inductor current no longer exists and the system becomes first order. The right-half-plane zero is present for the boost and buckboost converters under hysteretic current-programmed control because of the physical contradiction of simultaneously increasing the average inductor current and output voltage. In the large-signal time domain, this contradiction is represented by the fact that the effect of the change rate of the control signal always tries to oppose the effect of the control signal itself.
V. EXPERIMENTAL VERIFICATION
A boost converter under hysteretic current-programmed control is breadboarded to verify the validity of the largesignal and small-signal models proposed in the paper. The experimental circuit is given in Fig. 10 . The objective of the experimental prototype is to compare the measured largesignal and small-signal response with the theoretical prediction. The circuit parameters are the same as those used in the large-signal analysis, i.e., L = 290pH, . . the assumption i~ = i, is valid for the hysteretic currentprogrammed control. 
A. Large-Signal Response
In the large-signal response measurement, the Nicolet 3 10 digital scope is used to record the response of the output voltage, the inductor current, and the control signal. The recorded data is then transferred to a computer and plotted at the same graph against the simulated curve. Fig. ll(a) gives the measured and the calculated responses of the output voltage when the control signal steps from 2 to 5 A. The measured voltage is smoothed at every 5 points. It is shown that the measured data and the calculated data are very close. The dip of the output voltage immediately after the step change of control signal i, is shown clearly in the enlarged version in Fig. ll(b) . Fig. 12 gives the measured control signal i, and the measured inductor current, i~. Obviously, the inductor current follows the control signal tightly and accurately. These two curves cannot be distinguished from each other if plotted in the same graph. This shows that
The effect of the large-signal disturbance of the supply voltage is also studied. Fig. 13 shows the output voltage response when the supply voltage steps from 10 to 15 V at I, = 4 A. The calculated curve is also plotted at the same graph. The measured response is very close to the calculated one.
The above measurement shows that the large-signal model proposed in the paper can predict accurately the dynamic response of the output voltage under large-signal variation of the operating point.
B. Small-Signal Response
The small-signal control-to-output transfer functions, Measured and calculated small-signal control-to-output transfer
Fig. 14 gives the measured and calculated control-to-output transfer functions. The phase delay of the control-to-output transfer function is well beyond -90" and actually goes to -180", which indicates the presence of the right-halfplane zero. As the signal frequency approaches the switching frequency, the measured delay is larger than the predicted because of the sampling effect. The input-to-output transfer function (audiosusceptibility) is also measured and plotted in Fig. 15 . The phase delay approaches -90" when the signal frequency increases. This phenomenon indicates that the boost converter under hysteretic current-programmed control is a first-order system. It is clear that the measured small-signal transfer functions are very close to the calculated one.
The experimental results provided in this section show that the large-signal and small-signal models, (8) and (12), proposed in the paper can predict the dynamic characteristics of the hysteretic current-programmed boost converter accurately. The measured data is very close to the theoretical prediction.
VI. CONCLUSION
In this paper, a method is proposed to derive the largesignal models of the hysteretic current-programmed buck, boost, and buck-boost converters under the assumption that the inductor current is controlled tightly in the hysteretic current-programmed control. The procedure to obtain the large-signal model is outlined, and the model is expressed as a single differential equation. The large signal characteristics are analyzed for the first time. The analysis shows that the output voltage for the hysteretic current-programmed buck converter is independent of the supply voltage, and the output voltage of hysteretic current-programmed boost and buckboost converters is affected by both the control signal and its change rate.
The small-signal transfer functions of the hysteretic currentprogrammed buck, boost, and buck-boost converters have also been derived from the large-signal models. It is demonstrated that there is a right-half-plane zero in the control-to-output transfer function of hysteretic current-programmed boost and buck-boost converters. This right-half-plane zero is inherently present because of the contradiction of simultaneously increasing the inductor current and the output voltage. The position of the right-half-plane zero is the same as that of direct duty ratio control and peak current-programmed control. This is a correction to the previous results about small-signal transfer function of the boost and buck-boost converters under hysteretic current-programmed control.
A boost converter under the hysteretic current-programmed control is breadboarded to verify the large-signal model and the small-signal transfer function proposed in the paper. The measurements and the theoretical predictions are very close. The experimental result also shows that the averaged inductor current follows the control signal tightly.
The large-signal model presented in this paper gives a global view of the dynamic response of the hysteretic currentprogrammed converters, which enables the designer to understand the limits of the system and helps the designer to achieve robust control. The small-signal model is also a useful guide to design the compensation network. A hysteretic currentprogrammed switching power supply with global stability can be obtained by the help of the proposed models.
